Simplified DNA sequence acquisition has provided many new data sets that are useful for phylogenetic reconstruction, including single-and multiple-copy nuclear and organellar genes. Although transcribed regions receive much attention, nontranscribed regions have recently been added to the repertoire of sequences suitable for phylogenetic studies, especially for closely related taxa. We evaluated the efficacy of a small portion of the histone repeat for phylogenetic reconstruction among Drosophila species. Histone repeats in invertebrates offer distinct advantages similar to those of widely used ribosomal repeats. First, the units are tandemly repeated and undergo concerted evolution. Second, histone repeats include both highly conserved coding and variable intergenic regions. This composition facilitates application of ''universal'' primers spanning potentially informative sites. We examined a small region of the histone repeat, including the intergenic spacer segments of coding regions from the divergently transcribed H2A and H2B histone genes. The spacer (about 230 bp) exists as a mosaic with highly conserved functional motifs interspersed with rapidly diverging regions; the former aid in alignment of the spacer. There are no ambiguities in alignment of coding regions. Coding and noncoding regions were analyzed together and separately for phylogenetic information. Parsimony, distance, and maximum-likelihood methods successfully retrieve the corroborated phylogeny for the taxa examined. This study demonstrates the resolving power of a small histone region which may now be added to the growing collection of phylogenetically useful DNA sequences.
Introduction
Nuclear ribosomal genes are tandemly arranged in many organisms and are used extensively for phylogenetic reconstruction (Maley and Marshall 1998) . Such sequences offer technical advantages over single-copy genes, given their high concentration in the genome. Moreover, the repeats are mosaics of regions of low and high divergence, permitting a wide range of phylogenetic applications. The architectures and sequences of such repeats allow the use of universal PCR primers in conserved regions to span variable regions containing phylogenetically informative sites (Schlötterer et al. 1994) . In this context, an important feature of tandem arrays is that repeats are essentially homogeneous within individuals and within a species, exhibiting a pattern called concerted evolution (Linares, Bowen, and Dover 1994) .
Histone genes exist in tandem, multicopy arrays in many invertebrates. They also share other relevant features with ribosomal repeats, such as high copy number and a mosaic structure, and offer an additional feature in translated coding regions. The similarity between histone and rDNA repeats suggests that the former may also be well suited for phylogenetic reconstruction. We considered the DNA sequence of the spacer region of the divergently transcribed gene pair H2A-H2B an attractive candidate for several reasons. This spacer has a small, conserved length of 225-300 bp in Drosophila species and is flanked by highly conserved coding regions, an ideal arrangement for the placement of universal PCR primers and internal sequencing primers. Equally important, extensive functional information exists for the spacer (Sommer 1996) , thus facilitating alignment and evolutionary interpretation of these regions.
A prerequisite for the use of tandemly repeated genes in phylogenetic applications is a high level of identity between repeats due to concerted evolution. The earliest indication that fly histone repeats undergo concerted evolution was genomic blot analysis of Drosophila melanogaster. Digestion with single enzymes that recognize one site per repeat generates 5-kb-unit-length fragments (Lifton et al. 1978; Strausbaugh and Weinberg 1979) . Genomic blots of other Sophophora (including Drosophila mauritiana, Drosophila simulans, Drosophila yakuba, Drosophila pseudoobscura, and Drosophila paulistorum) also show the diagnostic uniformity of concerted evolution (Strausbaugh and Weinberg 1979; Coen, Strachan, and Dover 1982) . Representatives from radiations outside Sophophora, such as Drosophila hydei, Drosophila virilis, and Drosophila hawaiiensis, also appear to have multiple uniform copies (Domier et al. 1986; Fitch, Strausbaugh, and Barrett 1990) . Concerted evolution of histone genes has been further demonstrated by the mapping and sequencing of cloned repeats in D. melanogaster. Matsuo and Yamazaki (1989a) observed uniform geometry of restriction endonuclease recognition sites in cloned histone repeats and also found a low proportion of polymorphism (0.0159) in the 1,200 bp containing the H3 gene and adjacent spacers. Goldberg (1979) and Matsuo and Yamazaki (1989b) separately cloned and sequenced entire repeats from different strains, revealing nearly identical sequences. Although Drosophila histone loci are not without variation (Strausbaugh and Weinberg 1979; Col-FIG. 1.-The 5-kb histone gene repeat in Sophophora consists of one gene for each of the four nucleosomal core proteins (H2A, H2B, H3, and H4) and the linker protein (H1). Amplification primers H2A and H2B are positioned 586 bp apart in conserved areas of the coding region in each gene. Internal primers LB7 and KM1, also in conserved regions, are used for sequencing the intergenic spacer. Internal primers AB1 and AB2 provide additional sequence for the flanking coding regions. Genes are designated above corresponding arrows.
by and Williams 1993), the available evidence suggests a level of concerted evolution comparable to that in rDNA.
A well-corroborated phylogeny is necessary to suitably evaluate the efficacy of histone repeat sequences for phylogenetic inference. The Sophophora radiation includes four species groups (Melanogaster, Obscura, Willistoni, and Saltans) whose phylogeny has been assessed thoroughly (Anderson, Carew, and Powell 1993; Kwiatowski et al. 1994; Caccone et al. 1996) . Species subgroups within each of these species groups have been defined. Relationships within the subgroups Melanogaster, Obscura, and Willistoni have been identified and confirmed by a variety of data, ranging from chromosome morphology to mitochondrial sequence analysis data (Cohn, Thompson, and Moore 1984; Tsakas and Tsacas 1984; Felger and Pinsker 1986; Maruyana and Hartl 1991; Peixoto et al. 1992; Barrio, Latorre, and Moya 1994; Eickbush and Eickbush 1995; Ritchie and Gleason 1995; Clark, Leicht, and Muse 1996; Okuyama et al. 1996) .
Here, we examine the phylogenetic resolution provided by a small segment of the histone repeat for members of the well-corroborated Sophophora. This study provides a framework to assess future exploitation of histone genes for phylogenetic inference.
Materials and Methods

Drosophila Stocks
The following strains were obtained from the Na- Some alternative isolates for the Willistoni species group were provided by Dr. Lee Ehrman (State University of New York at Purchase) and Mr. Stephen Daniels (University of Connecticut). Male and female representatives from selected stocks were examined (external genitalia, sex combs) to verify species assignments.
Preparation of Genomic DNA Multiple extractions were carried out for each species isolate using a protocol modified from Daniels and Strausbaugh (1986) . DNA extractions were checked by electrophoresis in a 1% agarose TBE gel and visualized by ethidium bromide staining. DNA concentrations were determined using a Hoefer DyNA Quant 200 fluorimeter.
Amplification and Sequencing of Histone H2A-H2B Intergenic Spacer and Flanking Coding Regions Histone repeat features and the primers used in their study are depicted in figure 1. Two universal primers (H2A: 5Ј-GCAGCATTGCCAGCCAACT-3Ј; H2B: 5Ј-CTGTTCATTATGCTCATCGCCTT-3Ј) were used to amplify fragments from genomic DNA. A combination of three forward (H2A; LB7: 5Ј-CCTTTCCCTTCA-CTTTGCCACC-3Ј; and AB1: 5Ј-AGTGGAAAGGCA-GCCAAGAA-3Ј) and three reverse (H2B; KM1: 5Ј-TTCTTGGCTGCCTTTCCACT-3Ј; and AB2: 5Ј-GGTGGCAAAGTGAAGGGAAAGG-3Ј) universal fluorescently tagged primers were used in automated sequencing of the PCR product. Standard primers were used for manual sequencing. All primers were synthesized by the Macromolecular Characterization Facility of the Biotechnology Center, University of Connecticut. Histone fragments were amplified from 100 g of genomic DNA with 0.5 g of H2A and H2B primers in 50 l PCR reactions using a Perkin Elmer Cetus (PEC) Gene Amp PCR reagent kit. Amplification products were separated from PCR components, primers, and unincorporated nucleic acids with a 1000 NML spin-column (Millipore) or with a Bio 101 Gene Clean kit (La Jolla, Calif.) per manufacturers' instructions. Purified products were resuspended in 200 l of deionized water.
Sequencing reactions were carried out directly on 5-10 l of the resuspended PCR product in a model 2400 thermocycler (PEC) with an Amplitaq cycle sequencing kit (PEC) per manufacturer's instructions, or manually with a U.S. Biochemicals (USB) Sequenase kit, following standard procedures. Each base was confirmed by a minimum of two reactions in each direction. PCR and sequencing artifacts were identified and corrected by comparison of sequences generated by independently amplified samples.
Phylogenetic Analysis
Sequences were initially aligned by computer using CLUSTAL W 1.6 (Higgins, Thompson, and Gibson 1996) . A unique artificial sequence was introduced at each end of the sequence to enhance the program's abil-ity to recognize and align flanking sequences, despite gaps in the spacer. The alignment was then manually adjusted. As a check, two scientists independently made adjustments. Alignments are available from the EMBL Nucleotide Sequence Database under accession number DS33312.
Phylogenetic analyses were performed with test version 4.0.0d57 of PAUP* with the permission of author David L. Swofford. All characters in parsimony analyses were treated as unordered (Fitch) and were optimized by ACCTRAN (multiple states ϭ uncertainty). Furthest addition sequence was used, and the MUL-PARS option was in effect. All searches were performed using the branch-and-bound algorithm. Bootstraps were obtained from 500 replicates using a heuristic search. Decay indices were calculated by observing collapse of nodes in strict-consensus trees obtained by sequentially filtering all sets of trees 1-10 steps longer than the shortest tree.
Distance analyses employed minimum evolution as the objective function. All substitutions were included. The heuristic search was used with starting trees obtained by neighbor joining and tree bisection-reconnection (TBR) branch swapping. We evaluated uncorrected (p) distances and Jukes-Cantor, Kimura three-parameter, and GTR models both with and without rate heterogeneity which was assumed to follow a gamma distribution. The proportion of invariant sites was assumed to be 0. Shape parameters were estimated using maximum likelihood (see below). Bootstraps were obtained from 500 replicates using heuristic search.
Maximum-likelihood analyses used empirical base frequencies and a two-parameter model (HKY-85) for unequal frequencies. Transition/transversion ratios were estimated, and a molecular clock was not enforced. Analyses were conducted with and without equal rates. Among-site rate variation was assumed to follow a gamma distribution. The proportions of invariable sites and shape parameters were estimated with six rate categories represented by means. Starting branch lengths were determined using the Rogers-Swofford approximation. Heuristic searches were conducted with TBR branch swapping and MULPARS in effect. Bootstraps were obtained from 500 replicates using quick addition.
Analyses of all 13 taxa were performed using three data partitions: coding regions only (270 bp), spacer regions only (209-267 bp), and combined coding and spacer regions (586 bp).
Results
Sequence Data
Spacer lengths from 209 to 267 bp and flanking coding regions (270 bp) were sequenced for 13 species. Two separate geographical isolates were sequenced for D. paulistorum. Replicate extracts of genomic DNA were prepared from each strain using 200 individuals. Each DNA sample was amplified a minimum of two times, and amplification products were directly sequenced several times. This experimental design enabled PCR and sequencing errors to be traced and eliminated. To detect and correct for this phenomenon, each amplification product was sequenced and compared with other sequences from the same isolate. PCR errors were detected as sequence variation unique to one template. The sequence for each species was confirmed a minimum of two times on each strand with nested and overlapping primers (fig. 1) ; the majority of sequences were confirmed three times in each direction. Eighty-seven percent of the ambiguities were resolved by a majority consensus from the multiple sequences. In unresolved cases, the base was designated as ambiguous. Unresolved ambiguities ranged from 0% to 2% depending on the species and may represent compound technical errors or polymorphic sites. In these unresolved cases, PCR artifacts occurred at a rate of 0.5% based on repeated sequencing of individual PCR amplifications. 
Alignment
Alignment of conserved coding regions was unambiguous. As is the case with rDNA, computer alignment of the noncoding region is complicated by the interspersion of conserved and nonconserved regions. CLUSTAL W aligns most conserved regions well, but more divergent regions were aligned best among closely related species and very poorly among more distant relatives, yielding a high genetic distance between distantly related species. We then manually adjusted the alignment to reflect known promoter and other regulatory motifs; we considered regions with the same putative transcriptional and translational functions and similar sequences as homologous. Nonconserved regions diverged not only in sequence, but also in length; the manual adjustment was accomplished by adding a net 29 bases in gaps, taking particular care not to disrupt known promoter motifs. Manual adjustment of the CLUSTAL alignment produced a more conservative alignment between distant taxa and resulted in a lower amount of divergence between every taxon pair. One of the independent adjustments was accomplished without extensive familiarity with either Drosophila taxonomy or eukaryotic promoters. Despite the latter ''blind'' control, the resulting alignments were in excellent agreement and consistently reflected conservation of identifiable promoter motifs. Regions of discrepancy tended to involve shifts of single bases that had no effect on the resultant phylogenies. It should be emphasized here that the same topology was recovered regardless of the slightly different alignment variants used. Figure 2 illustrates one probable alignment that clearly illustrates the mosaic nature of the spacer and emphasizes some of the regulatory motifs used in alignment. Sequences in a regulatory region that are required for transcriptional or translational functions will be conserved compared with surrounding areas and may correspond to known motifs. Several such examples are evident in the H2A-H2B spacer. A TATA box can be observed upstream of each gene (5Ј-GTATAATA-3Ј 99-73 bp upstream of H2A, and 5Ј-GTATAAA-3Ј 63-87 bp upstream of H2B). The divergent nucleotides in the spacer largely follow clade-specific patterns. Two to seven short, clustered motifs (5Ј-GTG-3Ј) are present upstream of both genes between the start codons and the TATA boxes. This repeating GTG motif, also called a downstream element (DSE), has been associated with TATA-less genes in D. melanogaster (Arkhipova 1995) . The most striking feature is the conserved element AGGGGT(T)GGGT in the center of the spacer. The only divergence present in this region is the addition of a T Ⅺ ,within species subgroups; ᭡, between species subgroups; x, between Melanogaster and Obscura groups; ࡗ, between Old World Sophophora and New World Sophophora.There is a linear correlation in the Sophophora between levels of nucleic acid changes and time since evolutionary divergence. Cricket graph generates a linear fit (y ϭ 1.4995e Ϫ2 ϩ 7.7433e Ϫ3x ; R 2 ϭ 0.894).
in the New World Sophophora. We have evidence that this motif is involved in transcriptional regulation (Sommer 1996) . While no alignment of this nature is 100% accurate, and some subjectivity is introduced by our adjustment, the data set we present is robust. We have also examined several different alignments that represent only slight variations (in ambiguous regions) of the one presented and find consistent support for the clades regardless of alignments. This indicates that the regions which present the most difficult alignment problems contributed little phylogenetic information. The coding regions, which present no problems with alignment, recover precisely the same topology. While the coding region alone resolves species groups, adding the spacer provides more resolution within species groups. This indicates that our alignment of the spacer region effectively recovers the phylogenetic signal from the data. Obviously, the closer the phylogenetic relationships between the species, the easier the alignment of the spacer, making this region of the histone repeat particularly attractive for resolving closely related groups.
Sequence Divergence and Phylogenetic Inference
Sequences useful for phylogenetic inference should contain levels of divergence that correlate with the accepted phylogeny. The amount of divergence in the spacer (summarized in fig. 3 ) correlates well with estimated times of divergence, approximately 0.0075 bases per Myr. The frequency of transitions relative to transversions shows little trend at low levels of divergence but drops as divergence increases as expected when transversions slowly replace transitions in multiple hits (DeSalle et al. 1987) . In accordance with the potential for multiple hits, the nucleotide composition is different between the Old and New World Sophophora. Pooled data from Sophophora generate a 2 P Ͻ 0.005 for homogeneity. When a similar test is used within each group, P Ͼ 0.975, not departing from homogeneity. This nucleotide composition is unlikely to confound phylogenetic inference, as about half of the difference is due to a scattered, asymmetrical enrichment for T on one strand in the Willistoni group (10% more than for the Old World Sophophora) at equal expense of G and C. The remaining difference is due to an insert in members of the Willistoni group that is slightly upstream of the H2A start, containing 9/10 bases that are T (fig. 2 ).
An appropriate test of a data set for phylogenetic inference is the validation of its performance on an accepted phylogeny. Such a test determines the resolving power of the sequence at various taxonomic levels. Each of three data sets (spacer, coding, and combined) was challenged to retrieve the corroborated phylogeny by a variety of methods: maximum parsimony, distance, and maximum likelihood. PAUP* was used to generate estimates of a gamma distribution for among-site rate variation for each data set. Using six rate categories and estimated values of invariant sites, there was less among-site rate variation in the spacer (alpha ϭ 19.623032), and predictably more (alpha ϭ 0.449533) in the coding region, where most divergent nucleotides occur in silent positions.
The coding region alone is insufficient to retrieve all details of the corroborated topology with any of the methods, although major features of the topologies were consistent with all of the methods used. The coding region sequenced (270 bp, 90 codons) provides too little signal to resolve relationships below the level of species groups ( fig. 4 and table 1 ). The spacer (316 bp), however, retrieves the accepted phylogeny with a variety of methods, including maximum parsimony, distance (uncorrected p), and maximum likelihood (equal rates). Use of a gamma rate distribution and/or the Jukes-Cantor, Kimura three-parameter, or GTR model impairs distance and maximum-likelihood methods from retrieving some details of the corroborated phylogeny. The combined data set (586 bp) proved the most robust. It generated the corroborated topology with gamma-corrected maximum likelihood and gamma-corrected and equalrates Jukes-Cantor, Kimura three-parameter, and GTR models and all of the methods mentioned above that were successful with the spacer. We were unable to completely resolve the Willistoni species group with any methods.
Discussion
The major objective of this work was to ascertain whether a small portion of the histone repeat comprising the H2A-H2B intergenic spacer (209-267 bp) contains sufficient information for phylogenetic reconstruction. Among the most widely used genome sequences for generating evolutionary hypotheses are repeated sequences, long noted for homogeneity within species while being substantially different between even closely related species (Collins and Paskewitz 1996) . The taxonomically widespread advantages of abundance, homogeneity, and conserved orientation in histone genes FIG. 4 .-Trees retrieved match the corroborated phylogeny. The corroborated phylogeny of Sophophora, based on strict consensus from morphology, behavior, chromosome morphology, DNA-DNA hybridization, and nuclear and mitochondrial genes (summarized in Caccone et al. [1996] , and from other sources, including Peixoto et al. [1992] ; Anderson, Carew, and Powell [1993] ; Kwiatowski et al. [1994] ; Eickbush and Eickbush [1995] ; Ritchie and Gleason [1995] ; Clark, Leicht, and Muse [1996] ; and Okuyama et al. [1996] suggest that this multigene family has potential for phylogenetic exploitation. This work solidifies the position of the tandemly repeated histone genes in the growing repertoire of nuclear multigene families that show promise for molecular systematics. As is the case for any repetitive sequence that is relatively new to molecular systematic uses, it is important to demonstrate that the forces of concerted evolution render the region appropriate for such applications. This is not the first time that histone sequences have been employed in phylogenetic applications, but it is the first use of the H2A-H2B spacer in such a context. Amino acid sequences of the slowly evolving nucleosomal histone proteins have long been used as molecular measures of very distant relationships (Thatcher and Gorovsky 1994; del Gaudio et al. 1998 ). More recently, the structure and organization of histone genes and their sequences have also been used (del Gaudio et al. 1998 ). The spacer between H3 and H4 has been used to infer relationships among ciliates (Brunk, Kahn, and Sadler 1990) . This study demonstrates the resolving power of a very small intergenic region that lends itself well to amplification with a ''universal'' PCR primer set. We have focused on invertebrate taxa separated by less than 60 Myr and have demonstrated that a very small amount of sequence information (about 230 bases) can generate a tree in agreement with the corroborated phylogeny. One limitation to the spacer region is that alignment by computer programs may be confounded by its mosaic structure, and manual adjustments may be necessary. This intergenic spacer is particularly valuable for closely related species groups in which alignment is more easily accomplished. In comparison, twice as many rDNA sequence data were shown to provide a similar amount of resolution by Pélandakis, Higgins, and Solignac (1991) , although this may have been due in part to the wide range of taxa considered in their study.
The amount of pairwise divergence present in the H2A-H2B spacer (0.018-0.259 within species groups and 0.351-0.419 between species groups) is comparable with that found in other genes from the same taxa. In general, the H2A-H2B spacer evolves more slowly than do the Amylase genes (Okuyama et al. 1996) and the rDNA internal transcribed spacer (Schlötterer et al. 1994) . The rate is similar to that of mitochondrial NADH dehydrogenase 2 and cytochrome oxidase 1 genes (Satta and Takahata 1990) and to the intron present in myosin alkali light chain 1 (Clark, Leicht, and Muse 1996) , zeste, and per (Hey and Kliman 1993) . The spacer evolves slightly faster than yolk protein 2 (Hey and Kliman 1993) . The H2A-H2B spacer thus evolves at a rate similar to those of many genes that have already proven informative. In the case of this system, resolution is limited to species diverged less than 60 Myr, which translates to roughly Յ40% divergence in the intergenic spacer. The limitation is due to the rearrangement of conserved putative regulatory motifs in other radiations and the associated difficulty in alignment. Even within 60 Myr, it is very helpful to have sequences from several representatives within each species group in order to identify conserved regions, which can then be aligned between species groups.
The knowledge that the H2A and H2B genes in many invertebrates are paired and transcribed divergently promises a potential for widespread application of this system. Histone repeat clusters have been characterized in many organisms ( fig. 5 ), including Echinodermata, Insecta, Crustacea, Annelida, and Cnidaria (del Gaudio et al. 1998) . Histone repeats typically consist of one gene for each of the four nucleosomal core proteins (H2A, H2B, H3, and H4) and their associated spacers. Many phylogenetic groups also carry a gene for the linker protein H1. The organization of nucleosomal core histone genes is fairly conserved across invertebrates. All of the previously mentioned groups (with the exception of Echinodermata) have repeating units with H2A and H2B arranged as one divergently transcribed gene pair and H3 and H4 arranged as a second divergently transcribed gene pair. Elements of the repeat unit evolve at different rates. The amino acid sequences of core histones H3 and H4 evolve most slowly, with H2A and H2B evolving 10 times as fast and H1 evolving even more rapidly (Thatcher and Gorovsky 1994). The DNA sequences of the intergenic spacers evolve the most rapidly of all (Kremer and Hennig 1990; Fitch and Strausbaugh 1993) . Additional sequence information from the histone repeat may be sufficient to resolve relationships in the Willistoni group.
There are many evolutionary radiations, especially in invertebrates, that currently lack adequate resolution for phylogenetic relationships. Many insect vectors, for example, are members of morphologically identical sibling species, of which only some participate in the transmission of disease (Hill and Crampton 1994) . While rDNA has been used for bioidentification of Anopheles species (Collins and Paskewitz 1996) , histone gene spacers could be used to support and potentially enhance available resolution. Useful phylogenetic hypotheses for more distantly related taxa are likely with other data from the histone repeat. Regions of the histone repeat that contain the core histone genes and their intergenic spacers are small in invertebrates (less than 5 kb), suggesting that it is entirely feasible to mine the wealth of information that is useful at different phylogenetic levels with a relatively small amount of sequence acquisition. For many phylogenetic problems, it is useful to include more than one type of data (Maley and Marshall 1998) . It is similarly valuable to study sequences evolving under different evolutionary pressures. Each new gene that is demonstrated to corroborate known phylogenies at a given taxonomic level is a valuable addition. Histone genes are subject to their own unique constraints. Unlike nuclear single-copy genes, they are kept in homogeneous abundance by concerted evolution; yet, unlike rDNA, they are translated into proteins. In addition, understanding the evolutionary dynamics of molecules is fundamental to developing efficient approaches to their use in a phylogenetic context (Hillis and Moritz 1990) . The histone proteins are exceedingly well understood at a functional molecular level, and the spacer region we employed in this study has been extensively dissected in our lab for functional components (Sommer 1996) . Given the expense of collection and confirmation of DNA sequence data, the availability of a small region with high resolving power is extremely valuable. In this regard, the H2A-H2B intergenic spacer offers a particularly compelling system. STRAUSBAUGH, L. D., and E. S. WEINBERG, eds. 1979 
